Production of recombinant B-domain deleted canine factor VIII (cFVIII-BDD) unexpectedly revealed superior protein yields with 3-fold increased specific activity relative to human FVIII-BDD (hFVIII-BDD). We also determined that activated cFVIII-BDD is more stable than activated hFVIII-BDD. Furthermore, cFVIII-BDD is efficient at inducing hemostasis in human plasma containing FVIII inhibitors. Infusion of cFVIII-BDD in hemophilia A dogs resulted in correction of the disease phenotype with a pharmacokinetic profile similar to clinical experience with hFVIII-BDD. Notably, immune tolerance challenges with cFVIII-BDD in young and adult hemophilia A dogs did not induce the formation of neutralizing or non-neutralizing antibodies to cFVIII. These data establish the framework to quantitatively investigate the efficacy and safety in preclinical studies of novel therapies for hemophilia A.
Introduction
Hemophilia A (HA) is an X-linked bleeding disease resulting from a functional FVIII deficiency affecting 1:5000 males worldwide. For several decades the HA dog model has been the most extensively used for preclinical studies 1 . Notably, in two strains of dogs the underlying mutation consists of an inversion in intron 22 of the FVIII gene that is analogous to the most common human mutation 2 . This model faithfully replicates the human disease at both genotypic and phenotypic levels 3, 4 . To date there is no characterization of the cFVIII protein due to difficulties in purifying large amounts from canine plasma and to the relative poor performance in recombinant FVIII expression systems in general. Although the cFVIII cDNA sequence has a high sequence identity to human FVIII (hFVIII) 5 , adult HA dogs develop immune responses upon exposure to hFVIII that preclude the assessment of the efficacy and safety of potential novel therapies for HA. Notably, among humans even small nucleotide changes in the hFVIII gene may predispose to inhibitor formation 6 . To overcome these limitations, we established a heterologous expression system for cFVIII. Our findings uncovered unforeseen enhanced biological properties of the protein. This work fills an important void for the study of cFVIII biological properties and immune responses in HA dogs. details and purification table; Table I ) [8] [9] [10] [11] . Canine and human FVIII-BDD protein concentrations were determined by absorbance at 280 nm using an extinction coefficient (E 280 , 1%) of 1.60 and molecular weight of 160,000; these values obtained with porcine FVIIIa were assumed to be the same as canine and human FVIII-BDD 12 . Protein specific activity was determined by activated partial thromboplastin time (aPTT) with minor modifications 13 . Decay of activated FVIII activity was monitored by purified component assay using reconstituted human factor Xase complex and plasma models as previously described 11 . N-terminal sequencing was determined in the laboratory of Dr. Alexander Kurosky and Steven Smith at UTMB (Galveston, TX). Enzymatic cleavage of N-linked glycans was carried out using recombinant N-glycosidase F (Boehringer Mannheim, Indianapolis, IN) as reported before 14 .
Methods

Production and characterization of recombinant cFVIII-BDD
cFVIII antigen, activity and antibody assays
Purified cFVIII-BDD was used as a standard for the quantitation of the activity by Chromogenix Coatest SP4 FVIII (Diapharma, Lexington, MA). cFVIII-BDD protein was used for the generation of a series of rabbit anti-cFVIII-BDD polyclonal and murine monoclonal anticFVIII-BDD antibodies (Green Mountain Antibodies, Burlington, VT) (Supplemental Figure 1 ).
Anti-cFVIII antibodies were detected by Bethesda assay 15 or by cFVIII-specific IgG antibodies by ELISA (Supplemental Material). Half-life and recovery were calculated as previously described 16, 17 .
Results and Discussion
Using identical expression systems, we found that cFVIII-BDD typically yields 0.5 mg/L which is 3-fold higher than hFVIII-BDD (0.16 mg/L). Notably, purified cFVIII-BDD existed
For personal use only. on July 15, 2017. by guest www.bloodjournal.org From predominantly as a single-chain protein (>75% of total) whereas, as expected, hFVIII-BDD was primarily a heterodimer ( Figure 1A , B). The amino acid recognition sequence for PACE/furin in cFVIII (HHQR) 5 differs from human and porcine FVIII (RHQR) and may explain the predominant single-chain form of cFVIII 18 . Following treatment with thrombin, cFVIII-BDD was properly activated to yield the heterotrimer. Minor differences in the migration pattern of the A1 domain were noted between hFVIII-BDD and cFVIII-BDD ( Figure 1B ). However, removal of N-linked glycan resulted in similar migration of the A1 domains (data not shown).
These data indicate that either the glycosylation structure on the A1 domains is different or that protein and results in false high protein activity. These findings were consistent using three separate cFVIII-BDD preparations. Taken together these data using purified FVIII protein support the conclusions that cFVIII has an elevated intrinsic specific activity.
Following activation, FVIIIa rapidly loses activity due to A2-domain dissociation from the A1/A2/A3-C1-C2 heterotrimer. Purified cFVIII-BDD or hFVIII-BDD were rapidly activated (~30s) with thrombin and residual cofactor activity was monitored over time. Using either a purified component assay ( Figure 1 , panel D) or clotting assay (data not shown) we found that the half-life of cFVIIIa was 3-fold longer than hFVIIIa. These findings suggest that cFVIIIa exhibits increased affinity for the A2-domain compared to hFVIIIa. While these data could, in part, account for the high specific activity of cFVIIIa, both porcine 18 and murine proteins 11 also have enhanced A2-domain stability compared to hFVIIIa but apparently have equivalent specific activity to hFVIII. Thus, it is possible that the increased specific activity of cFVIII is due to the single chain protein or other factors rather than A2-domain stability.
To test the efficacy and safety of the cFVIII-BDD, we injected a series of adult and neonate HA dogs. In these dogs, no circulating FVIII antigen was detected, which is consistent with humans with the analogous FVIII mutation. In normal dogs cFVIII levels are 80-130 ng/mL which is comparable to human levels (100-200 ng/mL) and to cFVIII levels previously described 19 .
HA dogs received cFVIII-BDD at doses of 2.5 μg/kg every 30 days for 2-4 months and serial plasma samples were collected through four weeks after each protein injection. cFVIII-BDD was functional as evidenced by the shortening of the whole blood clotting time (WBCT) and increased cFVIII clotting activity ( Figure 2 ). The recovery of the protein measured at 5-10 minutes (n=5 infusions) post-injection was excellent, reaching levels of 71.8% ± 9.2%. There was a good correlation between cFVIII activity and antigen levels ( Figure 2B ). The levels of cFVIII slowly declined after the infusion and returned to baseline within 48-56 hours with a calculated half-life of 12-14 hours. There was no local or systemic toxicity and no evidence of pathological activation of coagulation. To date, an additional 16 HA dogs receiving either a single or multiple injection at doses ranging from 2.0 μg/kg to 200 μg/kg for a combined total of ~ 6 mg of cFVIII-BDD with successful control of hemostasis. Together these data demonstrate that cFVIII-BDD is safe and efficacious in inducing sustained hemostasis in vivo and has a
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The use of these outbred immunocompetent HA dogs provide an ideal model to test the immunogenicity of cFVIII-BDD protein in both naïve neonates and adult dogs previously exposed to plasma-derived cFVIII. These dogs do not develop antibodies to cFVIII upon infusion of plasma-derived cFVIII. Here, in adult dogs, no antibodies to cFVIII-BDD were detected by Bethesda assay or cFVIII-specific IgGs after repetitive exposure to the protein ( Figure 2C ). Furthermore, neonate dogs (n=3) exclusively exposed to cFVIII-BDD or small amounts of plasma-derived FVIII (n=2) also did not develop antibodies to cFVIII. In an HA dog with an inhibitor to plasma-derived cFVIII, inhibitor titers of 4 B.U. corresponds to 3000-4000 ng/mL of IgG2. These data are in contrast to the strong immune responses of adult HA dogs to hFVIII characterized by long-lasting antibody to hFVIII after exposure to the protein or following delivery of hFVIII gene or cell-based therapies 1, 17, 20, 21 . Thus, cFVIII-BDD presents no immunogenicity in this pivotal HA dog model which is essential for determining long-term efficacy and safety of novel therapeutic strategies for HA.
We sought to compare the rates of inactivation of cFVIII-BDD with hFVIII-BDD in human plasma containing inhibitors to FVIII. The recovery of cFVIII after incubation with inhibitors was 40-45% higher than hFVIII (Supplemental Figure 2) . The higher survival of cFVIII in the presence of human inhibitors further supports the investigation of cFVIII as a potential bypass strategy for hemophilia.
The recombinant expression of cFVIII-BDD allowed us to generate large amounts of protein (>20mg; four preparations), develop valuable antibodies and begin to unravel intrinsic properties of the protein that may impact the development of hemophilia treatment. The
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However, it could partially result from the secretion of cFVIII as a single-chain protein; hFVIII variants with a canine PACE/furin cleavage site may help define whether these modifications would improve production and stability of the recombinant protein. Furthermore, a detailed analysis of Xase complex assembly in kinetic characterization with canine FVIIIa could shed light on its apparent increased specific activity compared to hFVIIIa.
The efficacy and safety data from studies on non-inhibitor prone HA dogs demonstrate that cFVIII-BDD is an attractive option for the treatment of bleeds and for prophylaxis in dogs during complex or invasive procedures. The ability to detect non-neutralizing IgG antibodies in addition to neutralizing antibodies provides the opportunity to elucidate conflicting findings in gene or cell-based therapy in these dogs [22] [23] [24] [25] . The more comprehensive phenotypic characterization of the HA dogs is now feasible and further improves the relevance of preclinical studies for a new generation of gene-and cell-based therapies for hemophilia. B) FVIII antigen and clotting activity following IV injection of cFVIII-BDD. For one protein infusion of the same dog, cFVIII activity was determined by Coatest assay and antigen levels were determined by ELISA specific for the cFVIII heavy (HC) or light chain (LC). The Coatest was performed using purified cFVIII as a standard. One unit is defined as 100 ng/ml. C) Monitoring antibody and inhibitor formation to cFVIII-BDD in HA dogs. In addition to the adult dogs, neonatal naïve animals that had not previously been exposed to normal canine plasma were treated with cFVIII-BDD. IgG represents both IgG1 and IgG2 data.
For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
